1
INTRODUCTION 24
The wild tomato species Solanum pimpinellifolium is a native perennial 25 shrub in Ecuador and Peru and is believed to have originated in northern Peru 26 and then diversified into several subpopulations after it migrated to Ecuador 27 and southern Peru (Rick et al. 1977; Zuriaga et al. 2009; Blanca et al. 2012 Blanca et al. , 28 2015 . The accessions in northern Peru display higher genetic variation and a 29 higher outcrossing rate than those in southern Peru (Rick et al. 1977 A core collection of S. pimpinellifolium was developed by AVRDC for the 47 5 purpose of preservation and utilization (Rao et al. 2012 ). This core collection 48 has been used to mine novel alleles of salt tolerance via genome-wide 49 association study (GWAS) (Rao et al. 2015) . 50 GWAS utilizes linkage disequilibrium (LD), the non-random association 51 between marker alleles and alleles conferring targeted phenotypes in a given 52 population of germplasm, to map quantitative trait loci (QTLs) (Soto-Cerda and 53 The objective of the current study was to develop genome-wide 68 high-density SNP markers for a subset of S. pimpinellifolium collections from 69 the Tomato Genetic Resource Center (TGRC) through the RADseq approach. 70
The population differentiation and the range of LD decay were then assessed. 71 7 The remaining reads were mapped to the tomato reference genome SL2.50 95 (Fernandez-Pozo et al. 2015) using the "Map Reads to Reference" tool in the 96 CLC Genomics Workbench software. Considering that genetic variation 97 between the tomato reference genome S. lycopersicum and 98 S. pimpinellifolium is larger than genetic variation within S. lycopersicum, 99 mapping parameters were set as 0.5 for the length fraction and 0.9 for the 100 similarity fraction. The reads of the same individual in different lanes were 101 merged together. In the subsequent analyses using Stacks, the ref_map.pl 102 command set the parameter -m (minimum read depth to create a stack) as 10, 103 and the populations command set the parameter -p (minimum number of 104 populations a locus must be present) as 75. SNPs with a minor allele 105 frequency of less than 0.05 were further excluded, and a set of 24,330 SNP 106 markers was obtained. ITAG2.4 gene model from SGN was used as the 107 reference gene annotation. 108
Identification of insertion/deletion (InDel) and simple sequence repeat 109 (SSR) markers 110
InDels were identified from the Sequence Alignment Map (SAM) files of 111 all S. pimpinellifolium accessions with a read depth of no less than two using 112 the "InDels and Structural Variants" tool and the "Compare variants" tool 113 provided in the CLC Genomics Workbench software ("CLC Genomics 114 Workbench 6.5.1"). InDel markers in the form of tandem repeated sequences 115 were classified as SSR markers. 116 8
Population differentiation 117
To avoid redundant SNP markers used in the subsequent analyses, only 118 one SNP that showed complete LD (r 2 = 1) in the same sequencing block 119 around a PstI site was kept whenever more than one SNP existed in the 120 sequencing block. This process resulted in a total of 19,993 SNP markers 121 extracted from the set of 24,330 SNPs noted above. (Table S1 ). To ensure the accuracy of SNP calling and 175 genotype calling, two criteria were set: one was that the read depth aligning to 176 the reference sequences was equal to or greater than 10, and the other was 177 that at least 75% of the accessions showed genotypes associated with a 178 defined SNP marker. 179
Among the 82,814 PstI sites in the tomato reference sequence SL2.50, 180 only 23,988 PstI sites were around the sequenced DNA reads (Table S2 ). The 181 sequenced regions included 0.54% of the SL2.50 reference sequences and 182 12,790 annotated genes (Table 1) . Interestingly, approximately 84% of the 183 sequenced PstI sites were located in the euchromatic regions (Table S2) . 184
Nevertheless, no significant difference was observed in the proportion of 185 11 sequencing regions for SNP discovery between the euchromatic regions 186 (68.85%) and the heterochromatic regions (60.59%) (Table S2) . A total of 187 67,804 SNPs were identified in the sequenced regions of 99 188 S. pimpinellifolium accessions, and 24,330 of them had a minor allele 189 frequency greater than 0.05. 190
In the genotypic dataset of 24,330 SNP markers (Table S3 ), the missing 191 proportion of each accession ranged from 0.72% to 15.92%, except for 192 LA2647, for which the value was 65.68% due to a low number of sequencing 193 reads (Table S1 ). Regarding the features of these 24,330 SNPs, 16,365 SNPs 194 were located in 7,383 annotated genes (Table 1 ) and the remaining SNPs 195
were located in the intergenic regions. In addition, 3,068 InDels (Table S4) and 196 107 SSR markers (Table S5) were obtained. In the subsequent analyses, only 197 SNP markers were utilized, and the genotypic data of the LA0411 accession 198 was dropped because the observed heterozygosity of LA0411 was 199 inconsistent with its mating type (Table S1) . The collection of 98 S. pimpinellifolium accessions in this study was 204 divided into seven groups corresponding to three ancestral populations using 205 the ADMIXTURE software ( Figure 1A and Figure S1 ). The seven groups 206 included three groups with pure ancestry, three groups with an admixture of 207 two different ancestries, and one group with an admixture of three ancestries. 208
As expected, accessions in each group were clustered together in the PCA 209 12 plot, in which principal component 1 (PC1), PC2, PC3, PC4 and PC5 210 explained 16.04%, 8.00%, 3.94%, 3.12% and 2.54% of the variation, 211 respectively ( Figure 1B) . Interestingly, most accessions in the same group 212 were in the same vicinity in terms of their collection sites ( Figure 1C ). In 213 addition, different ancestral groups were spread in somewhat distinct 214 geographic areas along the coastline from Ecuador to southern Peru (Figure  215 1C). The geographic distribution of these groups appeared in the following 216 order from north to south: the pure red ancestral group, the admixture group 217 with red-blue ancestries, the pure blue ancestral group, the admixture group 218 with blue-green ancestries, and the pure green ancestral group ( Figure 1C) . 219
This geographic distribution showed a trend in which the admixture groups 220
were located between their corresponding pure ancestral groups. 221
To compare genetic variation within pure ancestral groups or within 222 admixture groups, the within-population gene diversity of each group was 223 calculated. The blue group and the red-blue group showed the highest genetic 224 variation among the pure ancestral groups and the admixture groups, 225 respectively ( Table 2 ). Both groups were in northern Peru, which indicated that 226 northern Peru is the origin of S. pimpinellifolium. Pairwise F st confirmed the 227 population differentiation (Table S6 ), and AMOVA revealed that the variation 228 between groups was 41.96% (p-value < 0.001). 229
The differentiation of two mating types, FSC and ASC, was expected 230 Figure S2 ). The pairwise F st (0.0029) of FSC and ASC was significant 236 (p-value < 0.001). However, PCA presented unclear clusters between FSC 237 and ASC ( Figure S3 ). In addition, the variation between FSC and ASC was 238 only 5.91% despite the significance of AMOVA (p-value < 0.001). 239
Rapid LD decay 240
Overall LD decay was estimated for the mapping resolution in GWAS. In 241 this population, the non-linear regression curve dropped very quickly ( Figure  242 S4). Following the non-linear regression curve, the overall LD decay was 243 within 18 Kb when the baseline of the r 2 value was set at 0.1 (Table 3 and 244 Figure 2A ). The fastest LD decay was within 10 Kb on chromosome 9 while the 245 slowest decay was within 30 Kb on chromosome 4 (Table 3 and Figure S5) . Figure 2B and Figure S6 ). 256
Marker density in the heterochromatic regions was lower than that in the 257 euchromatic regions, and approximately two-thirds of the r 2 values were less 258 14 than 0.1 (Table 3 ). The latter observation indicated that these flanking SNP 259 markers were not in a state of linkage disequilibrium. 260 261 DISCUSSION 262
A similar distribution between genes and SNPs was identified in the 263 vicinity of PstI cutting site throughout the genome 264
The observation that 67.26% (16,365 to 24,330) of the SNPs were 265 located in the annotated gene regions (Table 1) (Table S2 ). It is 272 worth noting that the current RADseq protocol did produce low coverage of 273 sequencing reads in certain PstI sites (with a read depth less than 10), and 274 these PstI sites were filtered by the criteria of SNP and genotype calling; 275 therefore, the deep sequencing regions indicated that their read depths were 276 no less than 10. Incidentally, because SNPs can be identified only in the 277 sequenced regions, it is a reasonable deduction that most SNPs found in the 278 current study are located in the euchromatic regions. Plotting the annotated 279 genes, the expected PstI sites, the PstI sites in the deep sequencing regions, 280 and the 24,330 SNPs identified in the current study ( Figure 3A, 3B, 3C, and 3D , 281 15 respectively), shows clearly that the annotated tomato genes, the PstI sites in 282 the deep sequencing regions, and identified SNPs are mainly located in the 283 euchromatic regions. 284
PstI is a methylation-sensitive restriction enzyme and recognizes the 285 sequences "CTGCAG" (Dobritsa and Dobritsa 1980). The study of the 286 genome-wide methylation pattern in tomato leaves and immature fruits 287 revealed that the gene-rich euchromatic regions at the distal ends of 288 chromosomes were characterized as the regions with low levels of cytosine 289 methylation at the "CG", "CTG", and "CAG" sequences, and the 290 pericentromeric heterochromatin regions were the regions with high levels of 291 cytosine methylation (Zhong et al. 2013 ). Because the young tomato leaves 292
were used as the DNA source to construct the RADseq libraries, it is 293 reasonable to infer that the PstI-digested RADseq-targeted chromosomal 294 regions were concentrated in the gene-rich euchromatic regions. Therefore, 295 one can emphasize the sequencing resources on euchromatic regions via PstI 296
RADseq when preparing candidate gene research for tomatoes. 297
298
The discrepancy in inferences of population differentiation of S. 299 pimpinellifolium 300
The estimation of the best subpopulation number (K) is very important in 301 GWAS because population structure is integrated as a correction to eliminate 302 the inflated significance due to confounding effects (Korte and Farlow 2013). If 303 the best K of a certain population could not be confirmed, the results of GWAS 304 would be unreliable. However, several previous studies did not achieve the 305 16 same best K of S. pimpinellifolium: 10 SSR markers for 248 individuals 306 (Blanca et al. 2012, 2015) . Our 310 study obtained the best K = 3, but our ancestral and admixture groups were 311 different from the latter studies of the SolCAP array (Blanca et al. 2012, 2015) . 312
These previous studies suggested that the S. pimpinellifolium population was 313 differentiated into three ancestral groups: one in the northern Ecuador; another 314 in the mountainous area from southern Ecuador extending to northern Peru, 315 and the third in the low-altitude areas of Peru, along with certain admixtures 316 (Blanca et al. 2012 (Blanca et al. , 2015 . In contrast, our study showed that the 317 S. pimpinellifolium accessions were clustered into three pure ancestral groups, 318 with one in Ecuador (the red group), another in northern Peru (the blue group), 319 and the third in southern Peru (the green group), as well as three clearly 320 identified admixture groups ( Figure 1C) . 321
To investigate the potential reasons for the inconsistent conclusions 322 between the current study and the previous studies based on SNP markers, 323 genotypic data of the S. pimpinellifolium accessions made from the SolCAP 324 array in three previous studies were obtained from internet (Blanca et al. 2012, 325 2015; Sim et al. 2012a ) and a meta-analysis was conducted using our 326 workflow (please see details in the "Materials and Methods" section) ( Table  327 S7). A total of 214 samples representing 126 accessions were divided into 11 328 groups via ADMIXTURE using filtered genotypes of 2,817 SNP markers. 329
However, the results of this meta-analysis pose two problems. First, the 330 cross-validation error did not confirm that K = 11 was the optimal grouping 331 method ( Figure S7 and Figure S8 ). This condition can be explained as a low 332 population structure in a population with high genetic diversity, which may 333 have resulted from frequent gene flow (Gevaert et al. 2013) . 334
Overrepresentation of common SNPs within S. pimpinellifolium accessions on 335 the SolCAP genotyping array could be the other reason given that the SolCAP 336 array was originally created to explore the genetic variation within cultivated 337 tomatoes and to map genes (Hamilton et al. 2012; Sim et al. 2012a Sim et al. , 2012b . 338
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